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Diabetes	results	from	an	inadequate	mass	of	functional	β	cells,	due	to	either	β	cell	loss	caused	by	immune	
assault	or	the	lack	of	compensation	to	overcome	insulin	resistance.	Elucidating	the	mechanisms	that	regu-
late	β	cell	mass	has	important	ramifications	for	fostering	β	cell	regeneration	and	the	treatment	of	diabetes.	
We	report	here	that	Skp2,	a	substrate	recognition	component	of	Skp1–Cul1–F-box	(SCF)	ubiquitin	ligase,	
played	an	essential	and	specific	role	in	regulating	the	cellular	abundance	of	p27	and	was	a	critical	determinant	
of	β	cell	proliferation.	In	Skp2–/–	mice,	accumulation	of	p27	resulted	in	enlarged	polyploid	β	cells	as	a	result	
of	endoreduplication	replacing	proliferation.	Despite	β	cell	hypertrophy,	Skp2–/–	mice	exhibited	diminished		
β	cell	mass,	hypoinsulinemia,	and	glucose	intolerance.	Increased	insulin	resistance	resulting	from	diet-induced	
obesity	caused	Skp2–/–	mice	to	become	overtly	diabetic,	because	β	cell	growth	in	the	absence	of	cell	division	was	
insufficient	to	compensate	for	increased	metabolic	demand.	These	results	indicate	that	the	Skp2-mediated	
degradation	pathway	regulating	the	cellular	degradation	of	p27	is	essential	for	establishing	β	cell	mass	and	to	
respond	to	increased	metabolic	demand	associated	with	insulin	resistance.

Introduction
Increasing evidence suggests that variations in insulin demand 
as a result of physiological and pathological states such as aging, 
pregnancy, and obesity can lead to adaptive changes in the β cells 
that include hyperplasia, hypertrophy, and increased insulin syn-
thesis and secretion (1–4). How β cells respond to changing meta-
bolic demands to regulate β cell mass in order to maintain glucose 
homeostasis is unclear. The inability of the endocrine pancreas to 
adapt to the changing insulin demand can result in hyperglyce-
mia and development of diabetes mellitus (5–7). Thus, deciphering 
the mechanisms that regulate the plasticity of β cell mass can be 
important in developing effective strategies to treat diabetes. Sev-
eral recent studies have highlighted the role of cell cycle regulators 
in establishing β cell mass (reviewed in refs. 8–11). These studies 
indicate that the balance between cyclin D2–Cdk4 complexes (12) 
that form in response to mitotic signals and cyclin kinase inhibi-
tors that block the activity of cyclin E–Cdk2 complexes regulates 
β cell proliferation. We have recently shown that quiescent β cells 
accumulate p27 and that disabling p27 in these cells allows them 
to divide (13). Thus, the cellular abundance of p27 is a critical 
determinant of whether a β cell divides or remains quiescent. Fur-
thermore, deletion of p27 ameliorated hyperglycemia in animal 
models of type 2 diabetes, suggesting that p27 represents a poten-
tial new target for treatment of diabetes (14).

The cellular abundance of p27 is normally subject to precise reg-
ulation by the ubiquitin-mediated proteolytic pathway (15). Cova-
lent attachment of ubiquitin to p27 by ubiquitin ligases signals its 
destruction by the 26S proteosome. Specificity in proteolysis by the 

ubiquitin-proteosome system is governed largely by the action of 
specific subunits of the ubiquitin ligase complexes that recognize 
and bind to p27. Two families of ubiquitin ligases, Skp1–Cul1–
F-box (SCF) and APC, regulate p27 destruction and play crucial 
roles in cell duplication. During the S phase, degradation of p27 is 
promoted by its phosphorylation on Thr187 by the cyclin E–Cdk2 
complex (16–18). Skp2, an F-box protein, functions as a receptor 
component of an SCF ubiquitin ligase complex and binds to p27 
only when Thr187 is phosphorylated, resulting in ubiquitination 
and subsequent degradation (19–22).

Here we analyzed the role of Skp2-mediated p27 degradation 
in regulating β cell mass during normal growth and in adaptive 
changes caused by increased insulin resistance. We show that Skp2 
was required for the degradation of p27 in β cells. Accumulation of 
p27 in Skp2–/– mice prevented proliferation and led to endoredu-
plication (when cells undergo DNA synthesis without mitosis) of 
β cells. The inability of β cells to proliferate in the absence of Skp2 
resulted in decreased β cell mass, hypoinsulinemia, and a corre-
sponding decrease in the ability to dispose glucose from blood. 
Moreover, increased insulin resistance in the absence of p27 degra-
dation hampered compensatory increases in the β cell mass, thus 
leading to overt diabetes. These results suggest that Skp2-medi-
ated p27 degradation within β cells could play a role in translating 
metabolic demands into regulation of β cell mass.

Results
To address whether Skp2 regulates the accumulation of p27 in  
β cells, we analyzed the expression of p27 in islets derived from 
mice in which Skp2 had been inactivated by homologous recombi-
nation in ES cells (23). Pancreatic sections from 3-week-old wild-
type, Skp2+/–, and Skp2–/– mice were analyzed for the expression of 
p27 and insulin. A number of β cells in the wild-type and Skp2+/– 
pancreata did not show any accumulation of p27 in the nucleus 
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(Figure 1A). By contrast, all β cells in Skp2–/– pancreata showed 
high levels of p27 protein accumulation in the nucleus (Figure 1B). 
Because further morphological and metabolic analyses showed 
no discernable difference between wild-type and Skp2+/– mice, we 
used Skp2+/– littermates as controls in analyzing Skp2–/– mice. To 
confirm the increased accumulation of p27 protein, islets isolated 
from Skp2–/– and Skp2+/– littermate pancreata was subjected to 
immunoblot analysis. The increase in accumulation of p27 protein 
was apparent in Skp2–/– islets compared with islets from Skp2+/– lit-
termates (Figure 1C). Because Skp2 ubiquitinates and degrades 
phospho-p27, we also used a phospho-Thr187 site-specific antibody 
for p27 to show that the phosphorylated form of p27 accumulated 
in Skp2–/– islet (17).

To assess whether cellular accumulation of p27 affected islet 
formation, we examined the morphology of islets in pancreata 
from mice 10 weeks after birth. Hematoxylin and eosin staining 
revealed a striking reduction in the size of islets in the pancreata 
from Skp2–/– mice compared with that of their littermates (Fig-
ure 2, A and B). Further examination revealed that the size of the 
nuclei in Skp2–/– islets was markedly larger than that of Skp2+/– lit-
termates. To verify the increase in nuclear and cell size, pancreatic 
sections from 10-week-old mice were stained with β-catenin and 
DAPI to mark the cell membranes and nuclei, respectively. The 
nuclei in Skp2–/– islets were discernibly larger than those in islets 
from Skp2+/– littermates (Figure 2, C and D). Flow cytometry dem-
onstrated that a significant portion of the cells from Skp2–/– islets 
exhibited polyploidy (4C or higher), whereas most of the cells from 

Skp2+/– littermate islets had a DNA content of 2C (Figure 2E). To 
analyze the reason for polyploid islet cells in the Skp2–/– mice, we 
compared the cell cycle characteristics of β cells from Skp2–/– and 
Skp2+/–  littermates. The number of S- and G2-phase β cells, as 
assessed by BrdU pulse labeling and phospho–histone H3 (pHH3) 
staining, did not change in Skp2–/– mice compared with Skp2+/– lit-
termates. By contrast, the M-phase β cells were greatly reduced in 
the Skp2–/– mice compared with Skp2+/– littermates (Figure 2F). 

Figure 1
Deletion of Skp2 resulted in the accumulation of p27 protein in pancre-
atic islet cells. (A and B) Pancreatic sections from 3-week-old Skp2+/– 
(A) and Skp2–/– (B) mice were immunostained with anti-mouse insulin 
(green) and anti-mouse p27 (red) antibodies. Original magnification, 
×20. Arrows in A show β cells that do not express p27 in wild-type 
islets. Arrows in B show high levels of accumulated p27 in β cells in 
Skp2–/– islets. (C) Immunoblot analysis of p27 and phospho-p27 (p-p27)  
expression in the islet cells isolated from Skp2+/– and Skp2–/– pan-
creata. Graph demonstrates densitometric analysis of immunoblot of 
p27 and phospho-p27 normalized to tubulin. For all panels, data are 
representative of 3 experiments.

Figure 2
Endoreduplication resulted in polyploidy β cells in Skp2–/– mice. 
(A–D) Morphological analysis of pancreatic islets from 10-week-old 
Skp2+/– (A and C) and Skp2–/– (B and D) mice. Pancreatic sections 
were stained with hematoxylin and eosin (A and B) or with β-catenin 
(red) and DAPI (blue) (C and D). Arrows in B indicate enlarged nuclei. 
Arrows in D show an enlarged cell in the Skp2–/– islet. Scale bars: 20 
μm. (E) Flow cytometric analysis of DNA content of islet cells isolated 
from Skp2+/– and Skp2–/– pancreata. (F) Cell cycle characteristics of  
β cells from Skp2+/– and Skp2–/– mice as measured by BrdU pulse label-
ing and pHH3 staining. BrdU+insulin+ cells are counted as β cells at  
S phase. pHH3+ (with punctuated pattern) insulin+ cells are counted 
as β cells at G2 phase. pHH3+ (with strong nuclear expression) insulin+  
cells are counted as β cells at M phase. At least 2,000 β cells were 
counted at each cell cycle phase. Data are mean ± SEM. ***P < 0.005.
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Taken together, these analyses indicated that accumulation of p27 
as a result of absence of Skp2 prevented proliferation and resulted 
in endoreduplication of β cells.

We next assessed whether the substitution of endoreduplication 
for proliferation in the Skp2–/– mice affected the growth and func-
tion of β cells. We have previously shown that in the 2 months 
after birth, proliferation of β cells leads to a 4-fold increase in 
β cell mass as the endocrine pancreas adapts to the metabolic 
demands of growth (24). As expected, the Skp2+/– mice showed a 
4-fold increase in β cell mass between 2 and 10 weeks of age. By 
contrast, the Skp2–/– mice did not show similar increases in β cell 
mass, and by 10 weeks of age displayed a 3-fold decrease in β cell 
mass compared with Skp2+/– littermates (Figure 3A). The disparity 
in β cell mass between Skp2–/– and Skp2+/– littermate was evident 
into adulthood: 6-month-old Skp2–/– mice also showed the same 
relative difference in β cell mass.

To test whether the reduced β cell mass of Skp2–/– mice results in 
altered serum insulin levels and abnormal glucose homeostasis, 
we measured serum insulin levels and performed glucose toler-
ance tests in Skp2+/– and Skp2–/– mice. The serum insulin levels after 

overnight fasting were similar in Skp2+/– and Skp2–/– mice. However,  
30 minutes after glucose challenge, serum insulin levels almost 
doubled in Skp2+/– mice but only increased slightly in Skp2–/– mice 
(Figure 3B). The Skp2–/– mice had fasting blood glucose levels that 
were slightly elevated compared with those of Skp2+/– mice. Skp2–/–  
mice also showed a decreased ability to clear glucose from the 
blood following i.p. glucose injection. The blood glucose of Skp2+/– 
mice peaked at levels between 270 and 300 mg/dl 15 minutes after 
injection and reached baseline by the end of the 120-minute test-
ing period (Figure 3C). In contrast, Skp2–/– mice had elevated blood 
glucose levels (450–500 mg/dl) 30 minutes after injection. More-
over, the blood glucose levels failed to return to baseline levels dur-
ing the testing period and remained in the range of 270–300 mg/dl 
at 120 minutes after injection. As described below, insulin toler-
ance test showed no detectable difference in the insulin sensitivity 
in Skp2–/– and Skp2+/– littermate mice, indicating that loss of Skp2 
by itself did not result in insulin resistance.

Because the loss of Skp2 resulted in increased cell and nuclear 
size of β cells, we determined whether the insulin content and 
secretion characteristics of these β cells were altered. Consistent 
with the reduced β cell mass of Skp2–/– mice, total insulin content 
was correspondingly decreased in these pancreata (Figure 4A). 
When normalized to β cells mass, however, no difference in insu-
lin content was observed in the pancreata derived from Skp2–/– and 
Skp2+/– littermates (Figure 4B). This indicated that the amount of 
insulin produced in the β cells of Skp2–/– pancreas was not likely to 
be changed by the absence of Skp2. We next investigated whether 
islets from Skp2–/– and Skp2+/– littermates display differences in 
their insulin secretion characteristics. Isolated islets from Skp2+/– 
mice exposed to basal glucose (4 mM) secreted insulin at a rela-
tive steady state. Following the step increase in perfusate glucose 
concentration, there was a rapid increase in insulin secretion that 
peaked 10 minutes after increased glucose stimulation and then 
gradually returned to steady-state levels at 60 minutes. The insulin 
secretion characteristics in islets isolated from Skp2–/– mice did not 
differ from those of Skp2+/– littermates (Figure 4C). These results 
indicated that the polyploid β cells generated in the absence of 
Skp2 did not change their functional characteristics with respect 
to glucose-stimulated insulin secretion.

To determine whether the accumulation of p27 is essential for 
generating the β cell polyploidy that led to reduced β cell mass and 
impaired glucose metabolism in Skp2–/– mice, we generated double-
mutant mice that lacked both Skp2 and p27. Deletion of 1 allele of 
p27 in the Skp2–/– background was not sufficient to restore the size 
of β cells, because a number of characteristic enlarged β cells were 
clearly evident in the islets of these mice, although more heteroge-

Figure 3
Decreased β cell mass, impaired glucose metabolism, and hypoin-
sulinemia in Skp2–/– mice. (A) Analysis of β cell mass of Skp2+/– and 
Skp2–/– mice at 2 weeks, 10 weeks, and 6 months of age. Values 
are representative of 5 slides spanning the whole pancreas of each 
mouse and 3 mice per genotype at each age. (B) Serum insulin levels 
in Skp2+/– and Skp2–/– mice before and 30 minutes after glucose injec-
tion i.p. following overnight fast. n = 3 per group. (C) Glucose tolerance 
test. Ten-week-old Skp2+/– and Skp2–/– mice were fasted overnight, and 
the blood glucose level was measured before and after glucose chal-
lenge. Differences were significant between groups at 30, 60, and 120 
minutes (P < 0.001 for all comparisons). n = 5 (Skp2+/–); 8 (Skp2–/–).  
*P < 0.05; ***P < 0.005.
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neity in β cell size was observed compared with Skp2–/– islets (Figure 
5A). By contrast, pancreatic sections from double-mutant mice did 
not display enlarged β cells characteristic of Skp2–/– islets, and the 
size of the nuclei was similar to that of wild-type β cells (Figure 5B). 
The lack of enlarged β cells indicated that the absence of p27 com-
pletely restored β cell proliferation. Analysis of β cell mass (Figure 
5C) showed that the β cell mass of p27+/–Skp2–/– mice, while increased 
compared with that of Skp2–/– mice, was significantly less than the 
β cell mass of double mutants and similar to that of p27–/– mice 
(13). Metabolic analysis showed that p27+/–Skp2–/– mice displayed 
decreased ability to clear glucose from blood following i.p. glucose 
injection and were glucose intolerant (Figure 5C). Thus the absence 
of 1 allele of p27 in the Skp2–/– background was not sufficient to 
restore glucose homeostasis. By contrast, the double-mutant mice 
displayed an ability to clear glucose from the blood that could not 
be distinguished from that of wild-type mice. These 
results indicated that loss of p27 was sufficient to 
restore β cell morphology and glucose homeostasis 
in the Skp2–/– mice, suggesting that accumulation 
of p27 was primarily responsible for the observed 
phenotypes of Skp2–/– mice.

To determine whether Skp2-mediated p27 deg-
radation is required for the compensatory β cell 

mass expansion in diet-induced insulin resistance, we subjected 
Skp2–/– and Skp2+/– littermates to a high-fat diet (HFD; 55% of total 
calories derived from fat, 4.8 kcal/g) for 12 weeks. Insulin toler-
ance test showed that all mice fed the HFD displayed decreased 
insulin sensitivity compared with mice fed normal diet (ND; Fig-
ure 6, A and B). However, fasting blood glucose measurements 
revealed that the Skp2–/– mice fed HFD were overtly diabetic, with 
fasting blood glucose consistently over 200 mg/dl. By contrast, the 
Skp2+/– littermates fed HFD did not display fasting blood glucose 
that was significantly different from that of Skp2+/– mice fed ND 
(Figure 6C). Glucose tolerance tests confirmed the worsened abil-
ity of Skp2–/– mice fed HFD to clear glucose from blood following 
i.p. glucose injection compared with Skp2–/– mice fed ND (Figure 
6D). The glucose levels of Skp2–/– mice fed HFD reached 550 mg/dl 
by 30 minutes after injection and remained around 400 mg/dl by 
the end of the 120-minute testing period.

To assess whether the compensatory mechanisms that lead to 
changes in β cell mass in the Skp2–/– mice fed HFD were affect-
ed, we carried out morphometric measurements of β cell mass. 
The Skp2+/– mice fed HFD showed a 2-fold increase in β cell mass 
compared with Skp2+/– mice fed ND. The Skp2–/– mice fed HFD 
by contrast showed modest increases in β cell mass (Figure 7A). 
Immunostaining of pancreatic sections revealed that while the 
size of islets dramatically increased in Skp2+/– mice fed HFD, no 
change in the sizes of individual β cells were observed relative to 
Skp2+/– mice fed ND (ND, 9.97 ± 0.11 μm; HFD, 10.02 ± 0.10 μm; 
Figure 7B). The Skp2–/– mice fed HFD by contrast displayed rela-
tively smaller islets; however, the size of individual β cells increased 

Figure 4
The absence of Skp2 does not affect insulin content and glucose-
stimulated insulin secretion of β cells. (A and B) Insulin content of 
Skp2+/– and Skp2–/– β cells, which were normalized to pancreas weight 
(A) or to β cell mass (B). n = 3 per group. (C) Glucose-induced insulin 
secretion of Skp2+/– and Skp2–/– β cells was detected by in vitro islet 
perifusion assay. **P < 0.01.

Figure 5
Deletion of p27 reverses the morphological and met-
abolic phenotype of Skp2–/– mice. (A and B) Morpho-
logical analysis of pancreatic islets from 10-week-old 
p27+/–Skp2–/– (A) and p27–/–Skp2–/– double-knockout 
(DKO; B) mice. Pancreatic sections were stained with 
β-catenin (red) and DAPI (blue). White arrows point 
to the enlarged nuclear in p27+/–Skp2–/– islets. Scale 
bars: 50 μm. (C) Increase in β cell mass was greater 
in 10-week-old double-knockout mice than in p27+/– 
Skp2–/– mice. n = 3 per group. (D) Impaired glucose 
tolerance was restored in 10-week-old double-knock-
out mice compared with that in p27+/– Skp2–/– mice.  
n = 3 per group. *P < 0.05; ***P < 0.005.
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compared with Skp2–/– mice fed ND. The nuclear diameter of  
β cells from Skp2–/– mice fed HFD increased 21% in size compared 
with Skp2–/– mice fed ND (ND, 12.75 ± 0.39 μm; HFD, 15.95 ± 0.43 
μm; P < 0.03; Figure 7C). To assess whether increased proliferation 
of β cells was responsible for the compensatory increase in β cell 
mass in the mice fed HFD, we stained islets with Ki-67, a marker 
for proliferation. A number of β cells with nuclei that also stained 
for Ki-67 were readily apparent in islets from Skp2+/– mice fed HFD 
(Figure 7D). In contrast, β cells from Skp2–/– mice fed HFD that 
stained for Ki-67 were not observed (Figure 7E). This indicated 
that the increase in β cell mass observed in Skp2–/– mice fed HFD 
occurred in the absence of proliferation and could be attributed 
primarily to β cell hypertrophy. The combination of morphologi-
cal and metabolic data suggests that adaptive changes in β cell 
mass occurs as a result of proliferation of β cells, and increased  
β  cell  size  appears  to  be  insufficient  to  compensate  for  the 
increased insulin resistance in the Skp2–/– mice fed HFD.

Discussion
The analysis of Skp2–/– mice presented here reveals what we believe 
to be a novel role for the ubiquitin-proteasome pathway in regu-
lating pancreatic β cell mass. We show here that Skp2-mediated 
p27 degradation was important not only for establishing the β cell 
mass during the postnatal growth period, but also for the adap-
tive expansion of the β cell mass in the face of increased metabolic 

demand. These results directly demonstrated that β cell prolif-
eration was an important ingredient in the adaptive expansion of  
β cell mass associated with insulin resistance. Moreover, it appears 
that the mechanisms that regulate β cell mass in the early postnatal 
period of growth were recapitulated during the adaptive expansion 
of β cell mass. These results are consistent with recent studies that 
demonstrated the essential role of transcription factors that link  
β cell proliferation and differentiation in the compensatory expan-
sion of β cell mass associated with insulin resistance (25, 26).

Despite the fact that Skp2 can target several proteins for protea-
somal degradation, we showed that for the most part, the cellular 
and metabolic changes observed in Skp2–/– mice were rescued by 
simultaneous loss of p27. This indicates that p27 is a principal 
target of Skp2-dependent protein degradation in the β cell and 
consistent with prior studies in other cell types (22, 27). However, 
the observation that the metabolic phenotype of p27−/−Skp2−/− 
mice is similar but not completely identical to that of p27−/− mice 
indicates that although p27 is a primary target of Skp2, Skp2 may 
also mediate the ubiquitylation of other substrates that could 
play a role in tissues that contribute to the metabolic phenotype. 
In hepatocytes, like β cells, the absence of Skp2 results in endo-
reduplication and absence of proliferation (22, 27). Recent stud-
ies show that Skp2 also controls adipocyte proliferation and that 
its absence prevents adipocyte proliferation but does not affect 
hypertrophy (28, 29). These studies also show that the compensa-

Figure 6
Skp2–/– mice failed to compensate for diet-induced insulin resistance. (A) Insulin tolerance test 12 weeks after feeding with HFD or ND (55% and 
12.2% calories from fat, respectively). n = 5. HFD-fed mice were compared with ND-fed mice. P < 0.03 (20 minutes); P < 0.003 (40 minutes); 
P < 0.005 (60 minutes). (B) When insulin tolerance test was represented as area under the curve, the mice fed HFD were significantly insulin 
insensitive compared with mice fed ND. P < 0.13 between groups fed ND; P < 0.27 between groups fed HFD; P < 0.009 between Skp+/– groups; 
P < 0.006 between Skp–/– groups. (C) Blood glucose level after overnight fasting. Fasting blood glucose over 200 mg/dl was defined as diabetes. 
n = 5 (Skp2+/– ND and Skp2–/– ND); 8 (Skp2+/– HFD); 6 (Skp2–/– HFD). (D) Glucose tolerance test 12 weeks after feeding with HFD. *P < 0.05; 
**P < 0.01; ***P < 0.005.
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tory islet mass of Skp2 mice as a result of diet-induced obesity 
is compromised. This reinforces that the metabolic phenotype 
could have complex origins and may be the result of the loss of 
Skp2 in several interacting tissues, because all these analyses were 
carried out in conventional knockout mice.

Although it is known that β cells can respond to growth signals 
by either hypertrophy or proliferation, the specific determinants 
of β cell hypertrophy versus proliferation that result in expansion 
of β cell mass are poorly understood. In the Skp2–/– mice, p27 accu-
mulation inhibits mitosis and instead, β cells respond to growth 
signals by cellular hypertrophy. Thus Skp2-regulated p27 degrada-
tion is critical in determining whether β cells undergo proliferation 
or enlargement in response to growth factor signals. Moreover, the 
functional state of the ubiquitin-proteasome system itself could be 
an important indicator of whether β cells proliferate or undergo 
cellular hypertrophy. It is striking that compensatory growth by  
β cell hypertrophy in the Skp2–/– mice fed HFD was insufficient 
to compensate for the absence of β cell proliferation in regulating 
glucose homeostasis. This observation suggests that in the absence 
of proliferation, β cells cannot maintain and regenerate islet func-
tion. This implies that the mechanism of regeneration of endo-
crine pancreas is quite different from the mechanism employed by 
other organs. For example, hepatocytes can regenerate liver mass 
and function solely through endoreduplication (30–32).

Irs2–/– and db/db mice show progressive accumulation of p27 in 
the nuclei of β cells (14). Deletion of p27 allele rescued the diabetic 
phenotype and β cell mass of these mice, presumably by induc-
ing the proliferation of β cells. These results are consistent with 
the idea that accumulation of p27 contributed to the reduction 
of β cell mass and subsequent β cell failure in these mice. We sug-
gest that dysregulation of the Skp2-mediated p27 degradation is 
likely to contribute to the accumulation of p27 in the β cells of 
these animal models of diabetes. Dysregulation of the p27 degra-
dation pathway could contribute to the inability of β cell mass to 
expand and to the progression of diabetes (33). It also follows that 
manipulating the accumulation of p27 could be a useful strategy 
in β cell regeneration.

The requirement for β cell proliferation in establishing β cell 
mass during postnatal and adaptive growth due to insulin resis-

tance does not rule out contributions of β cells derived from 
pancreatic stem cell sources (34). The formation of the endocrine 
pancreas was not affected in Skp2–/– mice, indicating that Skp2-
mediated p27 degradation was not required during embryogenesis 
in generating the proper number of β cells. While the findings of 
the present study are consistent with Skp2-mediated p27 turnover 
in regulating β cell proliferation, it is possible that p27 degrada-
tion could be required either in the self-renewal of adult pancreatic 
stem cells or in the transient amplifying population of β cell pre-
cursors. Alternatively, pancreatic stem cells could provide a pool 
of proliferative β cells that relies on Skp2-mediated p27 degrada-
tion for generating β cell expansion. The results presented here 
illustrate the importance of the ubiquitin-proteasome pathway in 
regulating progression of the β cell cycle, regulation of pancreatic 
β cell mass, and development of diabetes.

Methods
Animal maintenance and tissue processing. All animal experiments were per-
formed in accordance with NIH policies on the humane care and use of 
laboratory animals and approved by the Animal Research Committee of the 
Office for the Protection of Research Subjects at UCLA. Targeted disruption 
of the Skp2 allele has been described previously (35). The line was main-
tained in heterozygotes on a C57BL/6J–CD1 mixed background. The day of 
birth was designated P0. DNA extracted from tails was used for PCR-based 
genotyping using standard methods. Primers used for genotyping were 
as follows: KO-specific, forward, AGAGTGGAAGAACCCAGGCAGGAC; 
reverse, CCCGTGGAGGGAAAAAGAGGGACG; wild-type–specific, for-
ward, GCATCGCCTTCTATCGCCTTCTTG; reverse, TTCCCACCCCCA-
CATCCAGTCATT. Pancreatic tissue was dissected in PBS, fixed in 4% 
formaldehyde for 4 hours to overnight, dehydrated in grades of ethanol, 
and stored at –20°C until processed for paraffin embedding.

Immunofluorescence staining. Pancreas sections (5 μm) were deparaffinized 
in toluene, rehydrated in grades of alcohol, and washed in H2O. All slides 
were subject to antigen retrieval protocols using Antigen Unmasking Buf-
fer (Vector Laboratories). After antigen unmasking, the slides were cooled 
to room temperature. All slides were permeabilized in 0.2% Triton X-100/
TBS for 20 minutes, and nonspecific binding of antibodies was blocked 
with 0.2% Tween 20, 3% IgG-free BSA, and TBS. The following primary 
antibodies were used, all diluted in the blocking solution: mouse anti-Glu-

Figure 7
Adaptive expansion of β cell 
mass was abrogated in Skp2–/–  
mice. (A) Analysis of β cell 
mass 12 weeks after feed-
ing with HFD or ND. n = 3 per 
group. (B–E) Pancreatic sec-
tions from Skp2+/– mice (B 
and D) and Skp2–/– mice (C 
and E) fed HFD for 12 weeks 
were immunostained with 
antibodies to insulin (green) 
and to β-catenin (red) (B and 
C), or to insulin (green) and 
Ki-67 (red) (D and E). Arrows 
denote proliferating β cells. 
DAPI-stained nuclei appear 
blue. *P < 0.05; **P < 0.01.
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cagon (diluted 1:1,000; Sigma-Aldrich); guinea pig anti-insulin (diluted 
1:500; Dako); mouse anti-p27 (diluted 1:200; Santa Cruz Biotechnology 
Inc.); rabbit anti-pHH3 (diluted 1:200; Upstate); anti–β-catenin (diluted 
1:200). Donkey- and goat-derived secondary antibodies conjugated to 
FITC or Cy3 were diluted 1:500 (Jackson ImmunoResearch Laboratories). 
All slides were mounted with Vectashield with or without DAPI (Vector 
Laboratories). Slides were viewed using a Leica DM6000 microscope, and 
images were acquired using Openlab software (Improvision).

BrdU incorporation and proliferative index. Thymidine analog BrdU (0.025 
g/g body wt) was injected i.p. 2 hours before harvesting the pancreata. 
Pancreata were isolated and processed for histology as described above. 
Mouse anti-BrdU antibody (diluted 1:100; Amersham Pharmacia) and the 
anti-insulin antibody were diluted in the nuclease buffer provided with 
the BrdU antibody. The number of insulin-positive cells and insulin- and 
BrdU-positive cells were counted, and the proliferative index was calculated 
as the percentage of BrdU incorporation. At least 2,000 insulin-positive 
cells from the pancreatic sections spanning the whole pancreas and at least 
3 mice in total were counted.

Morphometric analysis. The pancreata were trimmed of all nonpancreatic 
tissue, weighed, and processed for histology. Pancreata were embedded in 
paraffin such that longitudinal sections from tail to head of the pancreas 
were obtained. Five representative sections from each pancreas (spanning 
the width of the pancreas) were used in the analysis of β cell mass. Sections 
were stained with guinea pig anti-insulin antibody (diluted 1:500; Dako), 
followed by FITC-conjugated anti-guinea pig IgG antibody. All slides were 
mounted with Vectashield with DAPI (Vector Laboratories). The whole 
section was scanned using a Leica DM6000 microscope and montage was 
made using NIH ImageJ software. The cross-sectional areas of pancreata 
and β cells (insulin+ cells) were determined using Openlab software. The 
relative cross-sectional area of β cells was determined by quantification of 
the cross-sectional area occupied by β cells divided by the cross-sectional 
area of total tissue. Each section was analyzed to estimate β cell and total 
tissue area. The β cell mass per pancreas was estimated as the product of 
the relative cross-sectional area of β cells per total tissue and the weight of 
the pancreas. The β cell mass was calculated by examining pancreata from 
at least 3 animals for each age and genotype.

Metabolic analysis. Glucose tolerance test was performed following over-
night fast. Baseline blood glucose levels (mg/dl) were measured in saphe-
nous vein blood from mice using OneTouch Ultra Glucose Meter (Lifescan 
Inc.). Glucose (2 mg dextrose/g body wt) in sterile PBS was injected i.p., and 
blood glucose was measured 15, 30, 60, and 120 minutes after injection. 
To measure plasma insulin levels, approximately 40 μl blood was collected 
from the saphenous vein prior to and 30 minutes after i.p. injection with 
glucose (2 mg/g body wt). Blood samples were centrifuged, and serum was 
used to measure insulin concentrations with Insulin (mouse) Ultrasensitive 
EIA kit (ALPCO Diagnostics). Insulin tolerance test was performed after 
a 6-hour fast. Baseline blood glucose was measured before i.p. injection of 
insulin (0.75 mU/g body wt), and blood glucose levels were measured 20, 
40, and 60 minutes after injection. Fasting blood glucose was measured 
following a 6-hour fast.

Islet isolation and culture. Liberase propidium iodide–purified enzyme-
blend for rodent islet isolation (Roche Applied Science) was injected at 
3.5 mg/ml into the pancreas via the bile duct after the entire abdominal 
cavity of the mouse was exposed. The inflated pancreas was removed and 
incubated in Liberase propidium iodide for 10–20 minutes at 37°C. Islets 
were dissociated from the exocrine tissue by manually shaking vigorously 
for a few minutes. The islets were separated by Histopaque (Sigma-Aldrich) 
gradient, followed by visual selection under a dissecting microscope. The 
hand-picked islets were then placed in RPMI at 37°C under a 95% air, 5% 
CO2 mixture for approximately 24 hours before being used for the experi-

ments. Islets were either lysed or used directly after isolation for RT-PCR, 
Western blot, or FACS analysis.

Measurement of insulin secretion by islet perifusion. The insulin secretion char-
acteristics of islets were studied in an islet perifusion system (ACUSYST-S; 
Cellex Biosciences) as previously described (36). In brief, after overnight 
culture, 10–15 islets were suspended in Bio-Gel P-2 beads (Bio-Rad) and 
placed into the 500-μl perifusion chambers. Islets were equilibrated in 
Kreb’s Ringer bicarbonate buffer (115 mM NaCl, 4.7 mM KCl, 2.5 mM 
CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4.7H2O), 20 mM HEPES (pH 7.4), 
0.2% BSA (Sigma-Aldrich), and 4 mM glucose at 37°C. At the beginning 
of the experiment, samples were collected from islets exposed to a basal 
glucose concentration of 4 mM before increasing glucose concentration 
from 4 to 16 mM. A flow rate of 0.35 ml/min was used, with each fraction 
containing 0.35 or 1.4 ml of effluent. After stimulating with 16 mM glu-
cose for 40 minutes, the islets were again equilibrated in Kreb’s buffer with 
4 mM glucose for 20 minutes before being exposed to 20 mM KCl to detect 
the insulin secretion ability independent of glucose stimulation. For insu-
lin content measurements, cells were lysed in islet lysis buffer containing 
100 mM HEPES and 0.8% Triton X-100 under mild sonication. The insulin 
levels in secretion buffer and extracts were quantified by Insulin (mouse) 
Ultrasensitive EIA kit (ALPCO Diagnostics).

Flow cytometric analysis of DNA content. Single islet cells for determination 
of DNA content were prepared by digesting the isolated islets with 1 mM 
trypsin solution for 10–15 minutes at 37°C. The cells obtained were permea-
bilized with –20°C 70% ethanol dropwise while vortexing, and kept at –20°C. 
On the day of DNA staining, the ethanol was removed by spinning down 
the cells at 250 g for 5 minutes. The cells were then stained with 0.01% prop-
idium iodide (Calbiochem) solution for 15–30 minutes. All analyses were 
performed with a FACSCan flow cytometer and CellQuest software (BD).

HFD treatment. From the age of 5 weeks, mice were fed with either a HFD 
containing 55% calories from fat (TD 93075; Harlan Teklad) or ND con-
taining 12.2% calories from fat (TD 8604; Harlan Teklad) for a period of 13 
weeks. Body weights and food intake were recorded every week, and fasting 
blood glucose level (6 hours) was measured every 2 weeks. The mice with 
fasting blood glucose levels greater than 200 mg/dl were considered dia-
betic. Glucose and insulin tolerance test assays were performed 12 weeks 
after beginning the diet.

Statistics. All data were expressed as mean ± SEM. The statistical signifi-
cance of differences was measured by unpaired 2-tailed Student’s t test.  
A P value of less than 0.05 indicated statistical significance.
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